We investigate the decays of the excited (bq) mesons as probes of the short-distance structure of the weak ∆B = 1 transitions. These states are unstable under the electromagnetic or strong interactions although their widths are typically suppressed by phase space. As compared to the pseudoscalar B meson, the purely leptonic decays of the vector B * are not chirally suppressed and are sensitive to different combinations of the underlying weak effective operators. An interesting example is B * s → ℓ + ℓ − , which has a rate that can be accurately predicted in the standard model. The branching fraction is B ∼ 10 −11 , irrespective of the lepton flavor and where the main uncertainty stems from the unmeasured and theoretically not-well known B * s width. We discuss the prospects for producing this decay mode at the LHC and explore the possibility of measuring the B * s → ℓℓ amplitude, instead, through scattering experiments at the B * s resonance peak. Finally we also discuss the charged-current B * u,c → ℓν decay which can provide complementary information on the b → uℓν and b → cℓν transitions.
I. INTRODUCTION
Heavy-light systems like the (bq) mesons have a rich spectrum of excited states [1] [2] [3] [4] . These mesons are unstable under electromagnetic or strong interactions, although they can have a narrow width because the mass-splittings in the spectrum are in general much smaller than the mass of the ground-state B-meson they ultimately decay to. The corresponding lifetimes are of the order of
10
−17 seconds or less and they typically do not live long enough to directly experience a weak disintegration induced by the b-quark flavor transition. However, with the high luminosities achieved
at the e + e − colliders [5] and high production rates of bb pairs at the LHC, which already allow for sensitivities to branching fractions at the level of ∼ 10 −10 [6] , some of these modes could become accessible to detection and investigation.
Of particular interest is the B * which is the partner of the B in the heavy-meson doublet of the (bq) system [2] . The B * are vectors and their ∆B = 1 decays have different sensitivities to the short-distance structure of the transition as compared to those of the pseudoscalar B mesons.
Moreover, the hadronic matrix elements of these two mesons, which give the long-distance contributions to their decays, are related by heavy-quark symmetry. Thus, the interplay between B
and B * decays could prove useful in studies to test the standard model (SM) and search for newphysics (NP). This has actual and immediate interest as various anomalies have been detected in different charged-and neutral-current B decays. For instance, there is a long-standing discrepancy between the inclusive and exclusive determinations of the Cabibbo-Kobayashi-Maskawa (CKM) matrix element V ub [7] or tensions between the SM predictions and the measured B → D ( * ) τ ν decay rates [8] [9] [10] [11] . These could be explained by NP altering the V − A structure of the chargedcurrent interaction characteristic of the SM [12] [13] [14] [15] [16] [17] [18] [19] .
Moreover, in the course of the analyses done over run I, the LHCb experiment has reported a series of anomalies in various (neutral-current) rare b → sℓℓ decays [20] [21] [22] [23] [24] including a signal of lepton-universality violation [25] ; remarkably, they can be largely accommodated by a NP contribution to low-energy "semileptonic" operators selectively coupled to the muons, of the type [26] [27] [28] [29] [30] [31] [32] ,
More specifically, global fits to the b → sℓℓ data point to scenarios where the NP contribution to their respective Wilson coefficients are C µ, NP 9 couplings and with masses in the TeV range that could be accessible to the direct searches at the LHC [27, 31, [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] .
Unfortunately, the interpretation of weak hadron decays is often obscured by the presence of long-distance QCD effects whose impact in the analyses needs to be carefully assessed. This is specially true for some of the b → sℓℓ anomalies which are found in observables constructed from the decay rates of the semileptonic processes B → K ( * ) µµ [20] [21] [22] [23] 25] or B s → φµµ [24] . On one hand there are the hadronic matrix elements of local operators that can be parameterized in terms of functions of the invariant squared dilepton mass q 2 or form factors and whose description relies on the accuracy of different nonperturbative methods [29, 35, [53] [54] [55] [56] [57] [58] [59] [60] [61] . On the other, one needs to take into account the "current-current" four-quark operators, O 1 and O 2 [62] [63] [64] , which in the SM stem from the tree-level decay b → scc. Hence, they come accompanied by large
Wilson coefficients, C 1 and C 2 , and are not suppressed by either mixing angles or loop factors with respect to the contributions of the semileptonic operators. They contribute to the neutralcurrent semileptonic decay amplitudes through an operator of the type,
produced by the contraction of the cc pair with the electromagnetic current and the off-shell photon eventually decaying into the dilepton pair. The hadronic matrix element of these nonlocal operators receives dominant contributions from long-distance fluctuations of the charm-quark fields manifested as charmonium resonances above the cc threshold.
At high q 2 one can analytically continue eq. (2) into the complex q 2 -plane to perform an operator product expansion (OPE) which accurately describes it in terms of a series of matrix elements of local operators matched perturbatively to QCD [65] [66] [67] . Continuing the result back to the real q 2 gives the physical rates. This is called "quark-hadron duality" and its validity is justified if q 2 is large and above the resonant contributions. More care is required when using the OPE in a region with resonances where the violations to quark-hadron duality can be difficult to estimate. This is the case for the b → sℓℓ exclusive decays since they are restricted
GeV 2 while the heaviest charmonium state known is the X(4660) [20, 68, 69] .
In light of these difficulties, it is desirable to have alternative, theoretically cleaner processes probing the semileptonic operators in eq. (1) to confirm or to unambiguously characterize the putative NP effect. A paradigmatic example is the B d,s → ℓℓ decay, which depends on only one hadronic quantity, a decay constant, that has been accurately determined using lattice simulations [70] . The contribution to the amplitude of C ℓ 9 , together with those of C 1 and C 2 , vanish due to the conservation of the vector current and the decay rate becomes sensitive only to C ℓ 10 . In this paper we investigate the purely leptonic decays of the B * which are a particularly interesting class of decays. In contrast to those of their pseudoscalar siblings, with the B * being vector they are not chirally suppressed. This partly compensates for the shorter lifetime of the B * and makes them interesting to probe the short-distance structure of the muonic and electronic decays, specially in search for lepton-universality violation effects. They only depend on decay constants, which are calculable functions of the one of the B in the heavy-quark limit and can be accurately computed on the lattice. Interestingly, the neutral-current decay B * s → ℓℓ becomes sensitive to C ℓ 9
while the kinematics of the decay are such that q 2 ≃ 28 GeV 2 , which is well above the region of the charmonium resonances and the quark-hadron duality-violation to the contributions from C 1 and C 2 is expected to be much less of a concern. We will discuss the prospects for producing this decay mode at the LHC and will also explore the possibility of measuring the B * s → ℓℓ amplitude, instead, through scattering experiments at the B * s resonance peak. We finish discussing also the charged-current B * Wilson coefficients of the weak Hamiltonian for ∆B = 1 processes [62] [63] [64] . In particular, C 9, 10 are the ones related to the short-distance semileptonic operators, eq. (1), and C 7 is the coefficient of the "electromagnetic penguin operator" [72] . The operators in the second line of eq. (3), correspond to either the four-quark operators, including those of the current-current, O 1,2 , and the "QCD-penguins", O 3,...,6 , or the"chromo-magnetic penguin operator", O 8 .
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The nonperturbative contributions enter through two types of matrix elements. Those of the local operators O 7,9,10 are described by two decay constants,
where f T B * s (µ) depends on the renormalization scale. In the heavy-quark limit, these are related to the decay constant of the B s [55] ,
where 0|sγ µ γ 5 b|B s (q) = −if Bs q µ and we have neglected O(α . In other words, the leading effect in the OPE is implemented by the redefinitions
and
, where the expressions of the matching are known up to next-to-leading order in α s [67, 73, 74] .
A remarkable feature of this OPE is that the subleading operators in the expansion are sup- [67, 68] and are numerically small [68] . Nevertheless, one needs to remember that the OPE is formally performed in the complex q 2 plane, away from the physical cuts and singularities [65] [66] [67] ; there are the quark-hadron duality violations, not captured by the OPE to any order of α s or Λ QCD /m b and known to appear in the analytic continuation to the physical region. These are not understood from first principles although it is 1 For the definitions of these operators in this paper we follow the notations and basis introduced in ref. [64] .
believed they give rise to the oscillations characteristic of the resonances and to decrease exponentially into the higher q 2 region [66] . For the kinematics of the B *
is well above the charmonium states (and far below the bottomonium states) where local quark-hadron duality is expected to apply.
B. Numerical analysis
The B * s → ℓℓ decay rate in the SM is then:
where we have neglected O(m [73] and [75] . For the running Wilson coefficients C 1−8 of the weak Hamiltonian we use the next-to-leading log results, while for C 9,10 we include the next-to-next-to-leading corrections calculated in [76] . The resulting renormalization scale dependence of the observables is very small, induced by either C [71] , except for |λ ts | which is determined from |V cb | and |V * tb V ts |/|V cb | following ref. [77] , f Bs , which is obtained from the N f = 2 + 1 FLAG average [70] and f B * s /f Bs which is taken from the HPQCD calculation in [78] . [83, 84] and the lattice computation obtain a value that is consistent with the one in the heavy-quark limit, viz. f B * s /f Bs = 0.953(23) [78] . In this paper we will use this value as a benchmark for our predictions. It would be important, for further improvements of our analysis, to have independent calculations of this ratio. In addition, we are not aware of any computation of the tensor decay constant, f Our result for the decay rate then follows to be:
where the first error stems from the one in the combination of CKM parameters λ ts , and the second from the decay constants added in quadratures. The error from the residual renormalization scale dependence is numerically very small, of the order of 1% in the range from µ = m b /2 to µ = 2m b .
Local quark-hadron duality violations to the OPE are difficult to estimate, especially because the kinematics of the decay fall in a region where the data of σ(e + e − → hadrons) is scarce. In any case, we observe that the few data points in the √ s ∈ [5, 6] GeV region of this process are consistent with the result from QCD [71] . A better estimate could be obtained using the model of duality violation introduced in [66] , fitted to the BES data on the σ(e + e − → hadrons) across the charmonium region and adapted to the b → sℓℓ, as done in [68] . Extrapolating the results of this reference to the region q 2 ≃ m 2 B * s ± 2 GeV 2 we observe that the duality-violating corrections to C eff 9 are estimated to be less than a 1.5% of its short-distance contribution.
C. The branching fraction and prospects for experimental production
The main difficulty for measuring this rare decay is that it has to compete with the dominant disintegration B * s → B s γ, which is an electromagnetic transition. The latter is suppressed by a relatively small phase space 2 while the vector nature of the B * s makes the former not to be chirally suppressed, as it is the case of B s → µµ. In order to calculate the branching fraction and 2 The three-momentum of the recoiling particles is | k| = (m study the feasibility of measuring this decay mode we thus need the B * s width produced by the electromagnetic transition that is not measured and theoretically not very well known. The B * s → B s γ rate is determined by a hadronic transition magnetic moment, µ bs , that can be estimated using heavy-quark and chiral perturbation effective theories from the equivalent decays in the D ( * ) system [85] [86] [87] . In the Appendix we define this quantity and show a determination along these lines using current experimental data and recent lattice QCD results as input. We obtain Γ = 0.10(5) KeV, which is consistent with the results of the earlier analyses and different quark-model calculations [88] [89] [90] . The conclusions of our study are then hindered by this large uncertainty in Γ; it is important to stress, though, that this concerns a single hadronic quantity that can be calculated in the lattice as recently demonstrated for the D ( * ) system in ref. [91] . Progress in this direction is essential for a conclusive assessment on the interest of this mode and for the experimental prospects for its detection and measurement.
With these caveats, we proceed to combine eq. (7) with our estimate of Γ and obtain a branching fraction that in the SM is in the range:
irrespective of the lepton flavor, and where we have added in quadratures the uncertainties in the Γ ℓℓ rate. This is a very small branching fraction, lying an order of magnitude below B SM (B d → µµ) [77] and the rarest decay ever detected in an experiment, K → πνν [92] .
Measuring B * s → ℓℓ is far from the reach of the Super B-factories, as for example, Belle II expects to collect no more than 5 × 10 8 of B * s after 5 ab −1 at the Υ(5S) [5] . On the other hand, and given the large production rates of bb pairs in high-energy pp collisions, it could be searched for at the LHC. To make an estimate, let us start with the 100 B s → µµ events expected after run I by the combined analysis of the LHCb (3 fb −1 ) and CMS (25 fb −1 ) [93] , while the full results from the ATLAS experiment have not been reported yet (see e.g. [94] ). In the course of runs II and III the experiments at CERN will collect ∼ 10 times more data [95, 96] and the bb production will be boosted further by a factor ∼ 2 by the higher cross section at √ s = 14 TeV; after the high-luminosity (HL-LHC) upgrade, a factor ∼ 10 more of data is expected [95, 96] . Rescaling up naively the current B s → µµ events, we estimate ∼ 3 × 10 3 events by the end of run III and ∼ 3 × 10 4 after the full run in the HL-LHC phase.
In order to use this to estimate the number of B * s → ℓℓ we need to know the fraction of B * s produced by the hadronization of the b-quark as compared to the one for B s meson. In the heavy-quark limit this can be derived by simple helicity arguments that suggest that the B * s are produced 3 times more often than the B s [55] . This has been confirmed for the B * system in measurements at the Z 0 peak by LEP [97] . For the B * s system this factor is even larger in the production at the Υ(5S) [5, 71] . This means that most of the B 0 s mesons detected at the LHC should have been produced through a B * s γ decay. Taking this into account and that the branching fraction of the B s → µµ is ∼ 300 times larger than (8) we finally estimate that of the order of 10 (100) B * s → ℓℓ decays could be produced by the end of the run III (HL-LHC). Whether or not this could be measured by the LHC experiments will depend on a careful assessment of the backgrounds, but in general, we would expect the signal to manifest as a separate peak to the right of the B s distribution in the invariant dilepton mass of the B d,s → µµ measurements. The estimate for B * s → ee differs from the previous one because of the different detector efficiencies for muons and electrons. Interestingly, the electronic mode has no background from the B s → ee decay since this mode is very suppressed.
We speculate here about a completely different experiment to measure the B * s → ℓℓ rate and we briefly study its feasibility. It consists of producing a B * s through resonant ℓ + ℓ − scattering, where the ℓ could either be an electron or a muon. The idea is that the loop-and CKM-suppression of the amplitude is largely compensated by the resonant enhancement in the cross-section from the small width of the B * s . Moreover, we expect that the production of a single b orb quark at √ s ∼ 5.5
GeV from a ℓ + ℓ − collision would give such a distinct experimental signature that it could be easily disentangled from other electromagnetically produced ℓ + ℓ − → hadron events.
A calculation of the cross section of ℓ + ℓ − → B * s → B s γ and its charged-conjugate (we omit CP -violation effects) gives:
where we have assumed s ≃ m 2 B * s so that the rates Γ ℓℓ and Γ are evaluated for the B * s on-shell and have neglected lepton mass effects and non-resonant contributions to the process. It follows that:
and using the results in eq. (8), we obtain:
where the large error originates again from Γ. This is a small cross section,characteristic of other weak processes like neutrino-nucleon scattering which occurs at σ νN ∼ 1 − 10 fb.
In order to assess if this process is accessible to experimental study, we need to consider the fact that the energy of the particles in the beams distribute over certain range whose size is quantified by the "energy spread" of the accelerator, ∆E. For current e + e − colliders, and for the center-ofmass energies under consideration, ∆E e ∼ 1 MeV, which is much larger than Γ so that only a small fraction of the collisions would occur where the cross-section is maximal. A better control over the energy spread could be achieved at a µ + µ − collider, although the minimum that has been projected for such hypothetical facility is ∆E µ ∼ 100 KeV for the energies of interest [98] , which is also much larger than Γ.
For the sake of simplicity let us assume that the energy of the particles in the colliding beams spreads uniformly within the interval m B * s /2 ± ∆E, and that Γ ≪ ∆E. In this case, the average cross-sectionσ is:σ
and using the σ 0 and the ∆E discussed above,σ ∼ 1 ab andσ ∼ 10 ab for the e + e − and µ + µ − colliders, respectively. Producing these processes experimentally might be at reach in the future as, for example, SuperKEKB expects to produce more than 10 ab −1 /yr of e + e − collisions within the next decade [5] .
Another interesting possibility is considering the orbital excitations of the B s , in particular the lighter mesons in which the s-quark is in the P -wave orbital. This corresponds to two almost degenerate heavy-quark doublets which are predicted to have the quantum numbers J P = (0 [106] [107] [108] , where the width of B * s2 has also been measured, Γ(B * s2 ) = 1.56(13)(47) MeV [108] . These resonances could be produced in resonant ℓ + ℓ − scattering. Their widths are closer to the energy spreads achievable in current and projected accelerators and the scattering would enjoy more luminosity over the resonance region, albeit at the cost of a reduction of the resonant enhancement of the cross section. If the leptonic weak rates for these states were of the same order of magnitude as Γ ℓℓ , one can see from eq. (9) and (10), that the cross-section for the production would scale as Γ/Γ * , where Γ * is the corresponding width. Besides this, studying the leptonic rates and amplitudes for the orbital excitations is interesting because their quantum numbers lead to different independent sensitivities to the short-distance structure of the b → sℓℓ weak transition.
They are theoretically clean processes provided the relevant decay constants can be calculated accurately and their widths determined. The fact that these states are quite heavier than the B ( * ) s could also allow for studying the validity of quark-hadron duality in more detail.
The idea of studying the weak disintegrations of the unstable heavy-light systems can be straightforwardly applied to the charged-current leptonic decays of the excited B * ± i
states, where
Similarly to the B * s , the vector nature of these resonances partly compensates for the shorter life-time as compared to the same decays of their pseudoscalar partners. Nevertheless, B i → ℓν is difficult to observe not only because of the chiral suppression of the rates in the SM but also because the neutrino in the final state. Only the B u → τ ν has been detected [109, 110] while limits at the level of B < 10 −6 (95% C.L.) have been placed on the electronic and muonic modes [111] . The decay channels of the B c remain unmeasured to a large extent but important progress is expected at the LHC [112, 113] .
The complementarity between the decays of the purely leptonic decays of the B i and B * i can be explored by modifying the characteristic charged-current V − A interaction of the SM as,
where ǫ ℓi L,R are Wilson coefficients encoding NP left-handed or right-handed currents that could be lepton dependent. Contributions of this type are among the possible explanations for the different anomalies found in the b → uℓν and b → cℓν transitions [12] [13] [14] [15] [16] [17] [18] [19] . The B ( * ) i → ℓν decay rates are:
where we neglect subleading O(m 
which are clean observables sensitive to right-handed currents. In order to know the practical interest of these modes we need to know the width (or lifetime) of the B * i mesons, induced by their electromagnetic decay, which can be again estimated as explained in the Appendix, giving Γ u = 0.50 (25) KeV and Γ c = 0.030(7) KeV. In Table II we show the subsequent predictions for the branching fractions of the B * i → ℓν decays as compared to the electronic and muonic modes of the decays of the B i mesons. 3 We observe that for the B * u state the branching fraction is very small although it is larger than the one of the B u → eν mode. On the other hand, the branching fraction of the B * c state is not unreasonably small. It is only an order of magnitude smaller than the B c → µν mode and still much larger than B c → eν.
IV. CONCLUSIONS
The vector B in the lattice; and (ii) the invariant mass of the process is well above the charmonium resonances and the application of an operator-product expansion for the nonlocal contributions of eq. (2) via quark-hadron duality (which always accompany the contributions of O 9 ) is well justified.
The B * s → ℓℓ decay rate can be accurately predicted in the standard model. Using some estimates for the unmeasured width of the B * s , we obtained that the branching fraction for this process is ∼ 10 −11 which could be within reach in the next series of experiments at the LHC.
More accurate determinations of the width, for example using lattice techniques, are important since this remains the major obstacle for an accurate calculation of the branching fraction of the decay.
The same amplitudes can be measured using a different strategy based on resonant
The idea is that the strong suppression of the amplitude is compensated by a large enhancement from the small width of the resonance. In fact, the cross-section at the mass of the B * s is of the same order of magnitude as, for example, the one for neutrino-nucleon scattering. Taking into account the energy spread of the beams reduces the effective cross-section and we estimated that this would be of the order of 1 − 10 ab for the current or projected accelerators.
Other orbitally excited (bs) states are also interesting as they have broader widths and can present different sensitivities to the same underlying effective operators.
The same type of analysis can be extended to the leptonic charged-current decays of the B * ± u,c mesons studying their complementarity with those of the B Notwithstanding the entertainment value (at least to the present authors) of this investigation,
we maintain that the rates of the proposed experiments are not ridiculously small; the creativity and prowess of the experimenter should not be discounted.
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We thank U. Egede for encouragement and discussions. This work was supported in part by The B * s → B s γ decay rate (and B * s width) can be estimated in a model-independent way using heavy-quark and chiral effective theories [85] [86] [87] . The amplitude of this transition is:
where e is the electric charge, η (k) and ε (q) are the polarization vectors (four-momenta) of the photon and the B * s respectively, and with µ bs a nonperturbative magnetic moment. The electromagnetic decay rate then follows as:
The magnetic moment can be separated into two components, µ bs = µ b + µ s . The first one, µ b , is obtained in heavy-quark effective theory simply as the magnetic moment of the b-quark appearing in the effective Lagrangian at O(Λ QCD /m b ) [85] :
The light component, µ s , involves the long-distance, heavy-quark spin conserving contributions of the light-quarks which are described by pion and kaon fluctuations coupled to the heavy hadron within the framework of chiral perturbation theory [86] . At leading order in the chiral expansion, given at the next-to-leading order by pion and kaon loops [86] :
where f π ≃ 131 MeV is the pion semileptonic decay constant, and m π ≃ 139 MeV and m K ≃ 495
MeV are the meson masses. The g 1 is the effective coupling of the pseudoscalar and heavy mesons and which has been obtained from lattice calculations, g 1 ≃ 0.50 [116] [117] [118] .
In the heavy quark-limit β relates the magnetic transitions of the B * mesons to those in the charm sector, where experimental information is available. In particular:
where we have used the results obtained by BaBar [119] on the D * ± width and the CLEO results for the branching fraction [120] . Equating eq. (A2) to this experimental result one obtains that This value is consistent with the predictions obtained using a similar formalism and older data [85] [86] [87] and with those in various quark models [88] [89] [90] . Nevertheless, and beyond the experimental uncertainties, we expect this result to receive sizable corrections from the chiral expansion or breaking the heavy-quark symmetry (e.g. the heavy-quark dependence of the constant β or through recoil corrections of the heavy mesons). These scale like O(m 2 K /Λ 2 χSB ) and O(Λ QCD /m c ) respectively, each of which could be as large as a 25% correction. A manifestation of this problem is the large size of the kaon loops (about 1/2 of the total contribution) which makes our results very sensitivity to the exact value of g 1 [116] [117] [118] , or to whether one implements higher SU(3)-breaking corrections phenomenologically by using f K = 1.22f π in the kaon loops [86] or not. With all this in mind, we will use, Γ γ = 0.10(5) KeV,
for the phenomenological discussion of this paper.
This analysis can be extended to calculate the electromagnetic decay rates of the B * ± u,c mesons. In case of the B * u one simply implements the contribution of the light quark µ u = 2/3 β + δµ u , giving Γ γ = 0.50 (25) KeV. For the case of the B * c , the contributions from the two heavy quarks are of the type induced by eq. (A3), leading to Γ γ = 0.030(7) KeV, where the error has been estimated
